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The first part of the progress report for this period is a brief account
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I. K, Th, and U CONCENTRATIONS IN RAKE SAMPLE 15386
G. D. O'Kelley, J. S. Eldridge, E. Schonfeld, 1 and K. J. Northcutt
KREEP is ubiquitous at the Apollo 15 site and has been estimated 2,3
to be present at concentrations of more than 20% in some Apollo 15 soils
and breccias. Basalt fragments with fresh subophitic textures and charac-
teristic KREEP chemistry were discovered in soil 15023 by Meyer4 . Thin
sections of rake samples 15382 and 15386 have textures expected for KREEP
basalts, and we have now completed measurements on the radionuclide con-
tents of both.
Earlier we reported  our results on 15382, and in the present re-
porting period we completed measurements on 15386. In Table 1 we compare
K, Th, U, and 26A1 concentrations of 15382, 15386, 14310, and KREEP. Our
data on 15382 and 15386 were determined on very small samples with our
nondestructive gamma-ray spectrometry method.
The primordial radioelement concentrations of 15382 and 15386 are
similar, and they, in turn, closely resemble the concentration pattern
of KREEP. No other lunar rock type has K, Th, and U concentrations simi-
lar to KREEP. Thus, both 15382 and 15386 could be pure KREEP or a mixture
with only slight contamination. It is difficult to be more quantitative
in comparing the data of Table 1, because the variability of primordial
radioelement concentrations in KREEP is about 30%.
The information presented here shows that 15382 and 15386 are im-
portant samples for additional studies of chemistry, mineralogy, and
radiogenic age.
REFERENCES AND NOTES
1. NASA Johnson Space Center.
2. G. D. O'Kelley, J. S. Eldridge, K. J. Northcutt, and E. Schonfeld,
Proc. Third Lunar Sci. Conf., Vol. 2, pp. 1659-1670, MIT Press, 1972,
3. E. Schonfeld and C. Meyer, Jr., Proc. Third Lunar Sci. Conf., Vol. 2,
pp. 1397-1420, MIT Press, 1972.
4. C. Meyer, Jr., Lunar Science-III, p. 542, C. Watkins, ed., Lunar
Science Institute Contr. No. 88, 1972.
E. E. Schonfeld, G. D. O'Kelley, J. S. Eldridge, and K. J. Northcutt,
The Apollo 15 Lunar Samples, pp. 253-254, J. W. Chamberlain. and
C. Watkins, eds., The Lunar Science Institute, Houston, 1972.
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II. REPRINTS AND PREPRINT OF COMPLETED WORK
This section of the report contains the following articles, published or
in press.
1, J. S. Eldridge, G. D. O'Kelley, and K. J. Northcutt, "Primordial
Radioelement Concentrations in Rocks and Soils from Taurus-Littrow,"
Proc. Fifth Lunar Sci. Conf., Vol. 2, pp. 1025-1033, Pergamon, 1974
(Reprint).
2. G. D. O t Kelley, J. S. Eldridge, and K. J. Northcutt, "Cosmogenic
Radionuclides in Samples from Taurus-Littrow: Effects of the Solar
Flare of August 1972," Proc. Fifth Lunar Sci. Conf., Vol. 2,
pp. 2139-2147, Pergamon, 1974 Reprint .
3. J. S. Eldridge, G. D. O'Kelley, and K. J. Northcutt, "Primordial and
Cosmogenic Radionuclides in Descartes and Taurus-Littrow Materials:
Extension of Studies by Nondestructive Gamma-Ray Spectrometry,"
preprint accepted for publication in Proceedings of the Sixth Lunar
Science Conference. Vol. 2.
I'
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Vol.lppr noUnn(lSral
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Primordial radioelernent concentrations in rocks and soils
from Taurus-Littrow*
JAhirs S. ELDRIDGE, O. DAVIS O'Km.my , find K. J. Noimicurr
Oak Ridge National Laboratory, Oak Ridbe,'rennessee 37830
Abstract—Primordial radioetement (K, Th, and U) concentrations were determined nondestructively
by gamma-ray spectrometry in thirteen soil and tbittecn ruck samples from the returned sample
collection from Taunts-Littrow. Soil samples Investigated were: 71131, 71501, 73121, 73131, 73141,
73221, 73241, 73261, 73281, 76501, 78501, 79221, and 79261. Ruck samples were: 70135. 70195, 70215,4,
71135, 71136, 71175, 71566, 73215, 73255, 73275, 76295, 78597, and 79155.
Concentrations of K, Th, and U in the soil samples were found to have a narrow range of values for
seven light-mantle soils thin were distinctly different from those values for the other six soils in this
study. The Th content of the light soils is the same as that found from the orbiting gamma-ray
spectrometer determination of Trombka of nt. (1973). Little or no variation of primordial radioelement
content wits observed its it function of depth, color, or texture in trench samples.
Variations of ThIU and KIU were observed in three types of basaltic rocks. These observations
lend geochemical evidence to the speculation tha, two or three separate sub0oor basalt units were
sampled at the T:m	 Litnts-trow site. Correlation of KIU mass ratios with potassium content of the
Apollo 17 materials indicate a possible two component mixing of subfloor basalt and KREEP as end
members to produce soil and breccias it Taurus-Littrow.
INTRODUCTION
THr RETURNED SAMPLE COLLECTION front Taurus-Littrow Contained materials from
three of five expected geologic units. Soil and rock samples were obtained that
characterize the sub0oor unit and its associated regolith, the light mantling
material, and the highlands material from the North and South Massifs. Nondes-
tructive gamma-ray spectrometry was used on a suite of rock n ,aril samples
from each of the geologic units at Taurus-Littrow to determin, +tc content of
primordial radioelements (K, Th, and U) along with radionuclides produced by
galactic and solar proton activation. Results and interrelationships of the activa-
tion product content of the same group of samples reported here are presented in
a companion report in this volume (O'Kelley et al., 1974).
A measure of the total radioactivity of the moon can yield important informa-
tion concerning its thermal history. Schonfeld (1974a) estimated that the moon's
upper mantle (or that part of the moon where most lunar samples were derived)
has an average U concentration of 0.085 prim. Wfinke et al. (1973, 1974) calculated
an average U concentration of 0.086 and 0.077 prim for the part of the moon that
underwent magmatic differentiation, Both Schonfeld (1974x) and Wtinke et al.
(1973) indicated that their calculated U average concentrations were consistent
*Research carried out under Union Carbide's contract with the U.S. Atomic Energy Commission
through interagency agreements with the National Aeronautics and Spree Administration.
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with experimentally determined heat flow values front 	 Apollo 15 and 17
missions. In addition, the Tit 	 reported here served as an important
correlation with orbiting gamma-ray spectrometer measurements (Trontbka et al.,
1973).
Part of the results from this study were obtained during the preliminary
examination period of the Apollo 17 missicn and are include([ in the LSPET
(1973x) report. The present report includes additional results and further charac-
terization of Th—U and K—U correlations that had been observed in samples from
other Apollo landing sites.
ExrrRInIENTAL Mt rinlos
The gamma-ray spectrometer system usod in these studies has been previously described (O'Kelley
el al., 1970) mid (Eldridge et tit., 1973). Resolution of the complex gamma-ray spectra from both the
coincidence matrix and from the summed output of the single detectors was accomplished with
ALPHA-M, a program for quantitative radionuclide determination (Schonfeld, 1967). Accurate
repliens of all ruck samples in this study were made from rock mod , !, provided by the Ct.rator's
Office, Johnson space Center. Standard gamma-my spectrum libraries were acquired by measurement
of accurate replicas (containing standards for each nuclide sought) under the same experimental
conditions as the hoar samples. Error values listed f ar all determinations in this series are overall
estimates including counting statistics and system calibrations. Sample weights ranged from 24 to
3600 g for the rock samples witu the median weight near 400 g. Soil samples were nomimlly 50 or 100 g
aliquots of <I m n fines. Density determinations for rock sample- - were matte by determining the
volume of thin-shelled aluminum replicas by pressing aluminum foil around the rock models to make
hollow shells. prom the weight of the lumr sample and the volume of its replica shell, density values
were calculated.
RESULTS AND DISCUSSION
Rock and soil samples from a number of sampling stations were studied in
order to characterize the primordial radioelemf-it content of each of the geologic
units al Taurus-Littrow. Figure I shows a diagram of the Apollo 17 landing site
with the traverses, sampling stations, and major physiographic features indicated.
Sampling stations are indicated by the bold-face Arabic numerals. Samples
measured in this study are listed near the corresponding sampling station.
Primordial radioelement concentrations for the 26 samples in this study are shown
in Table 1.
The Apollo Field Geology Investigation Team speculated that sampled sub-
floor basalts were derived from 20 to 130 in and that the slratigraphically
Iov,est basalt unit was vesicular and coarse-grained. Other straligraphic units
graded upward to coarse-grained porphyritic, vesicular fine-grained, and finally
aphanitic basalts in the shallowest recognizable type (AFGIT, 1973). Table 2
contains average primordial radioelement concentrations for 16 basalt samples,
from this study and LSPET (1973x), grouped according to fine-, medium-, and
coarse-grained classifications of LSPET (1973x). The average value for the K/U
of fine-grained baszdts insignificantly different from that ratio in the medium and
coarse basalts. This geochemical difference observed here in the discrepancy of
Al
^
	
^
	
.
	
:
Il
m
n
o
o
d
i
a
l
 
r
a
d
i
4
w
i
c
r
i
w
n
t
 
k
o
n
t
:
c
n
l
l
a
l
l
o
n
N
,n
 
r
o
c
k
-
.
 
4
n
d
 
%
oik 
h
o
o
n
 
I
 
a
m
"
,
 
I
 
1
1
 
m
.
	
1
0
2
7
77
" %o
`
	
\a
\^^ ^
	
^
	
^
^|
	
E
~
 
^
	
e
.
'
 
/
^
 
'
[
/
 
^
	
\^k
	
^
\ 40
\^
	
_
 
^
.
	
|`
	
\ Ir
E
^
	
^
.
 
^
^
^
ƒ
	
;
 
•
^
	
^
}
^
	
^
 / .
	
^
^\ ~ ® &
	
^
	
^
^
	
^ft
	^
^
^
	
^
 
\
/^\/^\
	
/
	
5.1
.
	
g\
	
a
	
!^
	
\ \
lJl
t
1028	 J. S. GLOnuwe el 01.
Table I. Primordial radioclenlent concentrations in Apollo 17 samples
Sample Density
number (glens') Type* K (Ppm) Th (Ppm) U (Ppm) Th1U KIU
Rocks
70135 3.0 CB 500t30 0,31',02 0.12t.01 2.6 4170
70185 3.0 CB 420±35 0.30 *.03 0.111 t.02 3.0 4200
70215,4 3.3 1113 320t(A 036!.03 0.13 «.03 2.8 2500
'1135 19 11I) 350	 40 0.00x.05 0.Pt103 4.3 2214
71136 2.4 11B 370 100 0.46 t .06 0.22 t .05 2.1 1680
71175 2.4 M13 50)±28 0.39x.02 OdIx.01 3.5 5090
71566 C13 450 t 20 0,31 ±.01 0.092 x-,008 3.4 4890
73215 2.5 BR 1665t85 4.05'±,20 1.101.05 3.7 1514
73255 2.4 BR 1590t80 3.47±.17 LN t.05 3.5 1593
73275 2.2 Bit 2240±112 4.53.3:23 1.20t.06 3.8 1867
76295 2.4 BR 22700 114 5.301.27 1.50'.08 3.5 1510
78597 2.6 1113 3801
	 20 038 t.02 0.11 x.01 3.4 3454
PU5 2.6 C13 440±30 0.32x.02 0.11±.01 2.9 4000
Soils (< I Rini fines)
71131 SS 625 t 30 0.67 t .05 0,23'_ .02 219 2720
71501 Its 585t30 0.75±.04 0.231.02 3.3 2540
73121 SS 1160±6a 2.63=,13 0.72±.04 3.7 1610
73131 SS 1160x60 2.243.11 0.613=,03 3.6 1840
73141 TI3 1130±60 225±.11 0,63*±.03 3.4 1790
73221 '17 1180±60 2.13 t.11 0.631.03 34 1870
73241 TM 1220 t60 2.25x.11 0.(x1 x.03 3-5 1910
73261 TO 1090 x 60 2.40 t.12 0.671.04. 3.6 1630
73281 TB 1180=150 2.33x,11 0.58x.04 4.0 2030
76501 RS 900 t 50 1.39 t. 14 0.38 ±.04 3.6 2370
78501 RS 770t40 L1l t.11 0.28 t.03 4.0 2750
79221 TT 700t40 1.12±.06 0.36_t.03 3.1 1940
79261 TB 700±40 1.08x.05 0.311.02 3.5 2260
•CB =coarse basalt, PB = fine basall, MI3 ==medium basalt, BR =breecia, TT •=trench top,
TM =trench middle, TI3 = trench bottom, RS = rnke soil, SS = surface soil.
K/U grading from coarse-grained to the fine-grained basnits would tend to verify
the speculation of separate flow units in the mare basnits from the subfloor at
Taurus-Littrow.
Basalt samples have Th/U ratios distinctly lower than the usual lunar and
terrestrial value of --3.8. Medium and coarse basalt have K/U ratios of --4300;
differing greatly from the previously observed lunar average of -2500 (Schonfeld,
1974n). These geochemical differences indicate not only that the basalt flows filling
the Taurus-Littrow Valley lire different in themselves, but also different from
previously sampled basnits from other Apollo sites. Duncan et at. (1974x) have
noticed differences in K/Zr ratios of Apollo 17 samples compared to a near
constant ratio they observed in Apollo 12, 14, and 15 samples. They correlated
s
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The U average value of 0.11 ppm shown in Table 2 for basalls is not greatly
different from the predicted upper mantle average of 0.085 ppm as given by
Schonfeld (1974x), and from the whole moon (or the purl that underwent
magmatic diffcrenI hit ion) average of 0.077 ppm caleu a g ed by Wfinke et tit, (1974).
Figure 2 shows it comparison of the mass ratio K/U and potassium concentra-
tion of Apollo 17 samples with earth, meteorite, and other lunar samples. It call
sect) that the "moon" values fall in ,I 	 distinctly different from "earth" and
most meteorite ratios. Apollo 17 basalls occupy a region which overlaps that of
Apollo 15 basalls.
Grouping of the Apollo 17 basalts, soils, and breccfas in the K—(1 systematic
diagram of Fig. 2 indicates it possible two component mixing model for the soils
and brcccias; with coarse basnits and KRUP as the end members. In spite of the
limited number of samples, this observation would lead to the speculation that
brcccias and soils at the Apollo 17 site may be Indurated products of KRI:IsP and
basalti: materials with lire KREI;P component less abundant limit of the Fra
Matra brcccias. Tans speculation is a very limited interpretation and is not as
complete as the morn extensive Apollo 17 regolith studies by several other groups
(Duncan et al., 1974b; Rhodes et al., 1974; Schonfeld, 1974b).
The radioclement content of soil samples from the light-mantle unit difrers
greatly front of soils co,lcctcd front points fit valley floor. Seven
light-mantle soils in this study yielded average concentrations (ppm) of 1160, 2.32,
and 0.64 for K, Th, and U, respectively. These concentrations are 2-3 times as
great as those of the other six soils in the valley floor regolith samples from four
different sampling stations,
The thorium concentration of 2.32 ppm for the light soil average compares
favorably with the value of 2.2 ppm determined for it x P segment at Littrow by
Trombka et al. (1973) in theirorbital experiments. The orbital measurement covers
it large area at It mare—highland interface; but Trombka et at. (1973) stipulate that
the light soils are more typical of the general region covered by the orbital
spectrometer. Since (he orbital measurement averages the Tit of the entire
5°x5° segment, it is obvious that the dark valley soils cannot be a substantial
fraction of the P x 5° area because of the low Th content of the six dark- and
intermediate-alhedo soils.
Three light-mantle soils collected at Station 2a may be examined for near
surface vertical variations. Samples 73121 and 73131 are surface soils at Station
2a, while 73141 was collected from the bottom of a 15 cm trench. There is no
difference in potassium concentrations in the three soils and only slight elevatiow
of Tit U in 73121 compared with 73131 and 73141. Field geology studies
indiente that sample 73140 (the parent soil from which <1 mm fines 73141 were
sifted) might be the most representative sample of light-mantle fines returned by
the Apollo 17 mission (ALGIT, 1973). For this reason, analytical results for 73141
are especially useful its being representative of South Massif regolith.
Four samples from it trench in the light mantle nt Station 3 were studied to
determine any primordial radioelcment variations with depth and with color
variations within the 10 cm trench. It can be seen that there are no significant
i
y	 i
Prinuirdlalradioelente tit aatnntrt it) its tit rocksandsuikfimn'LaausDo- s	 Intl
differences in K, 'I'll, or U concentrations in 73221, 7324 1 , 0261, or 73281 even
though these four samples cover several depth variat:.ms from the upper 0.5 Cut
soil to 10 cm below the surface. Tha trench swnples also include color variations
from white to gray along with variable agglutinate content (L.SPRT, 1973x),
Another pair of trench samples shown in Table I are 79221 and 79261 from the
top and bottom of a 17 cat Irench exposed in the southeast flank of Van Serg
Crater ejects blanket, The surface sample 79221 contains twice as much aggluti-
mite (ubiquitous soil component consisting of mineral and lithic detritus bonded
by grapelike clusters of brown glass) as tiv° trench bottom, 79261, along will, very
different breccins (AFGIT, 197:1), Again, this pair of samples shows no priomrdial
raclioelement differences in spite of major color, texture, and depth variations.
This Station 9 trench pair is greatly different in chemical composition from the
Stations 2n and 3 soils; and their K, Th, and U concentrations tire similar to the
dark soils at Taurus-Littrow.
A surface soil and it rake soil collected about 15 at apart at Station 1 (71131 and
71501) contain K, Th, and U concentrations that are similar to those of the basahs
collected tit the same vocation (71135, 71136, and 71175). In addition, these Station
I soils are significantly lower in primordial radioelements than the other dark- or
intermediate-albedo soils from Stations 6, 8, and 9 listed in Table I. The Th/U
ratio for the Station I soils (2.91±.33 and 326iµ,33 for 71131 and 71501,
respectively) is much lower than the -3.8 value observed for previous Apollo
soils, The tow Th/U ratio together with the tow overall primordial radioelemcm
concentrations is it of the high basaltic content of these soils. These dark
soils from the valley floor contain the lowest primordial radioclement concentra-
tions of all the other Apollo sampling sites (Eldridge et (d. 1974),
Thorium to uranium ratios discussed in this paper are not its precise its those
measured by some other analytical techniques, such as isotope dilution mass
spectrometry. The accuracy is limited by uncertainties in both Th and U due to
sti;listics of counting. However, the nondestructive nature of gamma-ray spec-
trometry measurements allows one to use samples large enough to average out
sampling inhomogeneitics. Nunes et at. (1974) reported U and Tit
of 0,313 and 1.134 ppm, respectively for soil sample 79221; whereas the corres-
ponding values from Table I are 0.36µ 0.03 and 1.12 µ 0.06 ppm. These compari-
sons are for the same size fraction (<1 mm fines) of soil 79221. Silver (1974)
reported U and Th concentrations of 0.406 and 1.337 ppm, respectively for an
unsieved soil, 78500,6. Uranium and thorium concentrations reported in Table I
for 78501, the <I turn size fraction from soil 78500, are O.28µ0.03 and 1.11 t
0,11 ppm, respectively. It is obvious that the differences are outside the rep')rted
errors.
Duncan of at, (1974b) studied both major and trace element concentrations in
Apollo 17 rcgolith and noted considerable compositional variations related to
selenographic position. In addition, those authors separated a dark-mantle soil,
75081, into four size fractions and noted a significant increase in a KRFEP-rich
component and an "orange soil" component in the finest fraction. The <300 mesh
fraction of the < I mm fines contained 40% more K, 541 c !1,ore p and 20% less Ti
- ,. 9...
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than the ;oarsest fraction of the •r I Into fines. In addition, ''/.n, Cu and Ni were
present in a threefold increase over the :oarsc fractions.
Due to the compositional differ:nccs in a sieved sample in this work compared
to the unsievcd sample of Silver (1974) and to the significant correlation of a
KREEP-rich component with the finest fraction of it dark-mantle soil by Duncan
et al. (1974b), it call postulated that analytical results for Apollo 17 rcgolith
samples should be compared with caution, Large sample populations should be
studied in order to average sampling defects. Silver (1974) reported average
uranium and thorium levels in surface soils of the valley Guu7 as 0.344 and
1.09 print, respectively. He reported that the average Th/U ratio of 3.14 was
distinguishably lower than all Apollo miss lon sites except Apollo 16.
CONCLUSIONS
Primordial radioclement determinations in this study have shown geochentical
evidence in support of field geology speculation concerning layering in the
subfloor basalt flows along with a possible correlation of magmatic fractionation
of KIU as it of depth, Elevated values of primordial radioclement
concentrations in breccia samples compared to the soils al Taurus-Littrow
indicate that the breccias could not be formed front impact induration of
the local regolith. On the other hand, similarities of the K, Th, and U content of
the soils and basaltic rocks (as well as the similarTh/U ratio of —3.1) indicate that
the dark regolith in the Taurus-Litu'ow Valley may be the comminuted product of
the underlying subfloor unit mixed with other components.
Correlation of it component and an "orange soil" component
with the finest fraction of <1 mm soil by Duncan et al, (1974b), coupled with an
unresolved analytical uncertainty between an unsievcd soil value of Silver (1974)
and it <I mm fraction of the same soil in this work, leads to the conclusion that
Apollo 17 regolith samples are subject to sampling inhomogeneitics. For this
reason, care should be exercised in comparing analytical results of Apollo 17
regolith samples obtained with different size fractions.
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Cosmogenic radionuclides in samples from Taurus-Littrow:
Effects of the solar flare of August 1972*
G. DAVIS O'Kru,sy , JAMES S. ELDRIDGE, and K. J. NoRTncuW
Oak Ridgq National Laboratory, Oak Ridge, Tennessee 37830
Absirm—Cosmogenic radionuclide concentrations in a suiteof Apollo 17 samples were determined
nondestructively by use of gamma-ray spectrometers with high sensitivity and low background,
Samples investigated were rocks 70135, 70185, 71135, 71136, 71175, 71566, 73215, 73255, 73275 •, 76295,
76597, and 79155: and <1 min fines from soils 71131, 71501, 73121, 73131, 73141, 73221, 73241, 73261,
73281, 76501, 78501, 79221, and 79261, Cosmogenic radionuclides determined In this study were "No,
2nAl,'"Sc,"V, "Mn, "Co, and 'Be.
The pattern of radionuclide concentrations observed in these Apollo 17 samples is qultc distinct
from that of any previous lunar sampling mission, due to proton bombardment by the Intense solar
flares of August 4-9, 1972. This intense proton irradiation made it possible for us to identify 'Be in a
lunar sample for the first time,
Data on the "Co and "Mn contents of thin surface samples were used to calculate the proton flux
and rigidity of the August, 1972 solar flare. We determined the integrated proton flux J,(> 10 MeV) =
1.9 x 10'o cm -1 and for an energy spectrum expressed as the function C-', the shape parameter a was
found to be 1.910 ". Thus, the solar cosmic ray event of August 1972 exhibited a much higher average
proton energy lhw) other flares of cycle 20, which had characteristic values of a -3.0.
INTRODUCTION
THE APOLLO 17 voyage of exploration to the valley of Taurus-Littrow yielded the
greatest scientific benefits of the six manned lunar landing missions. As a result of
experience on previous Apollo flights, planning for Apollo 17 was characterized
by a carefully selected handing site of great importance, a high degree of astronaut
mobility, rapid scientific assessment both on the moon and on the earth, and a
collection of well-documented samples representative of the geological complex-
ities of the area. In addition, samples from the Taurus-Littrow Valley proved to be
of gnatt interest because, prior to collection, they had been subjected to proton
bombardment by the intense sequence of solar flares of August 4-9, 1972. Data on
radionuclide concentrations in thin surface samples offered the opportunity to
determine the flux and energy spectrum of the solar flare protons, while samples
from depth could be used to measure the influence of the galactic cosmic ray
component.
As in our studies on samples from previous Apollo flights, we applied the
methods of nondestructive gamma-ray spectrometry to the determination of
radionuclides in samples from Taurus-Littrow. Measurements of cosmogenic
radionuclides in 25 samples from Apollo 17 are reported below. Because several
*Research carried out under Union. Carbide's contract with the U.S. Atomic Energy Commission
through interagency agreements with the National Aeronautics and Space Administration.
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radionuclides have short half-lives, it was desirable to begin measurements as
soon as possible. Our first samples were received six days after splashdown, and
additional mensurements were carried out during the preliminary examination. An
early account of the results on sonic of these samples was given in LSPET
(19736), and it 	 complete account in O'Kelley et al. (1974).
Nondestructive gamma-ray spectrometry has proved to be valuable as an
accurate and rapid method for scanning a large number of samples to determine
concentrations of the primordial radioclemcnts K, Th, and U in lunar samples.
Data oil K, Th, and U contents of 26 Samples from Taurus-Littrow and
correlations with local terrain features are reported by Eldridge et al. (1974) in a
companion paper of this volume,
Gx p nalnlr:NTAL Paocroumas
Two gamma-nay scintillation spectrometers were used for these analyses. The first wits u Ge(LB
detector encl )scd in it 	 lead shield of g cm wall thickness. The detection efficiency at 1332 kcV
was 16% that of it 7,6x 7.6 cm Nal(TI) detector al it	 o-sourc[D•deteclor distance of 25 cm, Energy
resolution expressed its full width tit Indf-maximum counting rate at 1332 was 2.5 keV. Pulse-height
distributions were recorded on it 4096-channel analyzer.
Most of the measurements were varied out with a -cfntill Lion Baum -raay spectrometer of low
background, which contained two Nni(TI) detectors, each 23 em !it and 13 em long, with
If cm pure Nut light guides. The detectors were operated in singles and coincidence modes with a large
plastic sclntlllmor in anticoincidence. further background reduction wits achieved with n massive lead
shield 20em thick. The data acquisition s y stem included it coincidence-anlicoineidenee logic circuit
interfaced to n 4096-channel analyzer. S'ngles data front N;d(TI) detector were recorded, and
coincidence events were sorted in it x 63•ch;mnel matrix. The mechanical design and performance
of this system have been discussed in dehuil by Eldridge et al. (1973).
Lenst-squares fulling of the gam nn•ray spectra was perfo ,nted on an IBM 360/91 computer with
ALPHA-M, a program written by Schonfeld (1967). Standard garanta-ray spectrum libraries were
acquired by measurement of replicas containing radionuclide stacdards under the same experimental
conditions its for the lunar aampies, Replica fabrication, least-rquares data analysis, and results on
analyses of radionuclide test mixtures were discussed by O'Ke'Acy et al (1970) and by Eldridge el al.
(1973). Errors listed in the tables below are overall estirates include;; counting statistics and
uncertainties in the calibrations.
RESULTS AND DISCUSSION
Cosmogenic radionuclide concentrations
Concentrations of cosmogenic radionuclides determined in this study are
given in Table i. `.values for shit-rr-lived nuclides have been corrected .or decay to
2300 GMT December 14, ;972, the approximate time of departure of the lunar
module's nscent stage iron the moon.
The genernl pattern of radionuclide concentrations in Table I is profoundly
different from that observed for samples from previous Apollo missions since,
prior to collection, the Taurus-Littrow samples had been subjected to bombard-
ment by the intense series of solar flares of August 4-9, 1972. Large enhancements
in the yields of "Na, 4'Sc, `Mn, and "Co are due to the solar event of August 1972.
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Table I. Concentrations (dpmlkkl of c4)lmo8em4. radionuclide% In Ap1,110 17 %ample. Ikcay	 orrected
to 214MIGMT. DeLenlhcr 14. 1972
%ample Mrss
number TYpe• 181 "AI "N.r	 "%In '11'I, Mk.	 "V 	 Be
k. •. A.
70111 CH' 440, IN ll1	 16.6 16.6 12 . 1	 1025
70181 CH 449 21).4 40•4	 91.10 101 . 10 47•t
71111 FR* 16 2 NO • h 95 • 7	 140 • 11 2911 • in 70 • MI
71116 Vol 24 x 411 • N 41 . 4	 1W - M) MMI . 71) 711 • MI
7 11 71 MH I" MI • I hx • 4	 121 • N 1241 •	 NI 41 •	 12
71W, c" 411 14 ► • 2 44 • 1	 9" • N -
71211 HR toil ...	 t W	 1	 ih • N Al • 20 1-7 
2 1 2 1 , Hk 192 75 • 4 xx • h	 xh • 20 Sh • 2 41 -
71^t HR 410 1417 • t 94 • 6	 79 • 12 9h • 241 8 ! 1
76291 lik" 261 67 • t 144 • 4	 111-	 is 41 z 7 5-2 
79197 FH 119 4x•4 11.4	 NO - HI Nn•20 21 . 10
79111 CH 116 70 • 1 hl • 1	 120 •	 12 IS1 • N ht • 1
Sink ( e I mm fine%I
71111 HS 5111 69-4 62 l6	 102	 11 -
7111)1 0% 100 71 . 4 N9 • 6	 134 11 - -
71121 TT 1410 1x9 •	 111 199 . 10	 117 . 20 21K • 20 11 t 1
71111 HS I41) y • t 126 . 1	 7t • 10 114 .	 12 11 . 1
71141 TH fill 62 . 4 44 . 1	 26 • x 21)	 .	 141 111 . 1
71.1 21 SS 461 197 .	111 111)• I 1	2w• III x10 . 441 11 . 6	 4111.111)
71241 TT tat 92 * 1 110 . 1	 NO - 9 95 . 10 In • 1
71261 TH too Al . 4 42 . 4	 12 . 1 2 1	 I1) N • 1
71?NI TH 40.1 46 • 1 42 • 9	 in • N► -
761111 k% 979 91).9 41).9	 MI• 11) 120 . 12 IN•4	 14.	 10
79101 KS III 41).9 101 •	 HI	 46 -	 111 1 11) •	III 40•h	 111.9
792? 1 T-1` HMI 110 • 7 11,11 •	 H► 	 2 11 • 20 4 141 • 21 0 • 7	 MI • 20
79261 11) 100 41.4 41 -4	 44.6 26. 10 15.4
'CH coarse ha%all. I H tine has.at. M 	 medium ha%ah: Hk hreccia; HS	 hulk %oil, TT =
trench top. TM trench noddle: TH trench hotaan, SS skim wil: kti	 rake .oil.
"Fragment or chip sampled front Loge boulder
The high intensity and energy of the flare made It possible for several groups to
identify Be in a lunar sample for the first time. During the preliminary examina-
tion of the Apollo 17 %arnplc% O'Kelley et al., Rancitelli a al.. and Schonfeld, all
obtained result% on 'Be concentrations of some %ample% by nondestructive
gamma-ray spectrometry, and these data were published in LSPF.T (1973b). In
addition, Finkel et al. (1973) reported measurements of lie abundance in Apollo
17 soils by use of destructive radiochemical analysis method% of high sensitivity.
Because chemical analysis data are lacking for most of the %ample% reported
here. detailed interpretation% cannot he made in some case%. However, the
chemical analy%es carried out during the preliminary examination of the Apollo 17
samples and reported by I.SPET (1973x. 1973h) showed thal the major element
:onlposition% of rocks and %oils at Taunts-Litlrow are similar to those at the
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Apollo 15 site. Further, the variation in major element concentrations of specific
types 'geologic samples appears to be sufficiently regular to permit estimation of
target element concentrations where needed.
Except for the Fro Mauro materials, surface samples from previous Apollo
sites typically showed"All"Nu concentration ratios a2 for samples in which the
"AI concentration had reached its saturation value. Such concentration ratios
have proved to be useful guides in searching for rocks with low exposure, since
the "Nil mensures short-term exposure and the "At concentration
determines cosmic ray exposure on a scale of a few million years, However, the
ratio`All"Na in most Apollo 17 samples is close to unity because the intense
solar flare bombardment in August 1972 more than doubled the amount of "Na
already present before the flare occurred. In addition, uncertainties in chemical
composition of the samples make it difficult to identify samples of low exposure
with respect to the 0.74 m.y. half-life of '"Al
The elevated yields of "Co and "Mn over samples examined previously are
due to solar proton bombardment of iron. As will f,e shown later, the "Co
concentration is especially useful in measuring the total proton flux, while "Mn is
a product of higher energy proton bombardment and is helpful in determining the
rigidity of the proton energy distribution.
Similarly, the high yields of "Sc in Apollo 17 surface samples arise from solar
proton irradiation of titanium. Concentrations of "Sc, corrected for galactic
cosmic ray production in iron, correlate well with estimates and measurements of
titanium target clement concentrations in these samples. Although sixteen-day '"V
is produced in solar flares by the reaction '"Ti(p, n )'"V, over four months had
elapsed between the August, 1972 solar flare and collection of the samples at
Taurus-Litt •ow. Because of this long decay period following the solar flare, the
concentrations of "V reported in Table I correspond to the steady-state concen-
tration of '"V expected (O'Kelley et al., 1972) for the bombardment of iron by
high-energy, galactic protons.
Concentration patterns for some of the radionuclides discussed above suggest
that some of the rocks listed in Table I were shielded at least partially from the
most recent solar flare. Three possibilities are 73215, for which no orientation
exists, 70185, which may have been buried, and 78597, a rake sample. Addition-
ally, 70135 and 76295 are boulder chips which either were shadowed by overhang-
ing boulder materinl as partial shielding, or were irradiated by a solar proton flux
whose avere.ge energy was a function of the incident angle. The latter explanation
based on solar proton anisotropy has been applied by Rancitelli of al. (1974) to
explain the low ratio of "Co to "Mn in boulder chip 76295.
Characterisation of the August 1972 solar fare
Chemical analysis data are lacking for many of the samples which might be
used to characterize the solar flare of August, 1972. For this reason,"Co and `Mn
concentrations may be used to advantage, since both are produced by solar proton
bombardment of iron, and concentrations of iron in the Apollo 17 samples
ir
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concerned may he estimated by analogy to samples of known composition to an
accuracy of about . I Y7V Excitation functions for production of 'Co and "Mn
are shown in Fig. I from the work of Rrodrinski et ul. (1971) and references
therein. As shown in Fig. I the excitation function for production of "Co from
iron has an effective threshold of about h MeV; hence, the "Co concentrations in
thin surface samples is especially useful as it monitor of total proton flux.
Inforrnation on the rigidity of the flare can he derived from the yields of " Mri, a
product of higher energy proton bombardment, with a threOiold of ahout 25 MeV.
Data on solar flare production of "Mn and "Co in five thin surface samples are
compiled in Table 2. Concentrations shown earlier in Table I were corrected for
gala,,-tic cosmic ray production by methods discussed by O'Kelley et al. (1971),
and then the solver production con, 'jonent was corrected for decav to August 7,
1972. 'T'he low-energy product "Co exhibits very high concentration gradients at
1000
56 Co IRON + PROTONS
i	 1
54..
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Tabie2. SolarOnrcproductionuf"Mn•.uul'"Cointltiasurfnccsan0+lcs!
sample 'type
"hill(dintift) "Co(dpmlkg) 'To"Mo
71135 Chip 8'901 I() 5.7
71136 Chip 182t$0 920+220 5.1
73121 'French Top 152.25 660}70 4.3
73221 Skim Soil 275.30 2540:^ 130 9.2
79221 1'rench Top 255-30 1460±80 5.7
*Decay corrected to August 7, 1972. Concentrations of "Sin and "Co
shown in Table I were co:•recled for galactic cosmic ray production.
exposed surfaces, so the concentrations of "Co determined for the thin surface
samples of Table 2 are very high with respect to the high-energy product "Mn.
This is especially su •iking in the case of skim soil 73221, which has an effective
thickness of only about 0.6 g/em" and it concentration ratio "Co/Nn of 9.2.
The data were analyzed in terms of it model which for simplicity assumed the
solar proton spectrum to be of the form
dJ1E = kE
where J is the proton flux, E is the proton energy in MeV, k is a constant related
to the flare intensity, and a is it parameter which measures the average
energy of the flare. The model assumed the irradiated surface to be an infinite
plane. The proton energy spectrum and relative flux were calculated as a function
of depth, assuming that the number of secondary particles was negligible.
Production of "Mn and "Co within each differential of thickness was obtained by
integrating the product of the number of target atoms and the excitation function
for the appropriate reaction over the attenuated energy spectrum. Details of more
extensive calculations of this type have been dis,ussed by Reedy and Arnold
(1972) and by Rancitelli et al. (1971).
Results of the analysis are given in Table 3 and are compared with a report by
Rancitelli et al. (1974) and a summary of satellite measurements compiled by King
(1973). Agreement between all tiroups is quite satisfactory, even though the first
two measurements of Table 3 were carried out on lunar surface samples and the
data compiled by King (1973) were obtained from satellite measurements in a
relatively unshielded region of space. The very high value obtained for the
integrated proton flux J,(> 10 MeV) = 1.9 x 10' a protons/cm' verified that the solar
flare event of August 4 -9, 1972 was the largest of solar cycle 20. In fact, the solar
proton fluences observed for the period August 4-9, 1972 constitutes about 70%
of the proton fluence above 10 MeV for the entire cycle (King, 1973). A shape
parameter a = 1.9 also implies that the average energy, or "rigidity," of the
protons from the August 1972 flare is much higher than the average energy of the
present solar cycle, which is characterized by a shape parameter a =3.0.
4	 ^
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Tuble 3. Integrated proton flux J,(>l0 MeV) and spectrum data
for the August 4-9,1972 solar flare.
J,('>1(ISIM.	 Shape
protons/Cm' parameter,* a Reference
	1.9x 1010	1.910,	 present work
	
1.58x 1010	2.0:0.1	 Runcitelli er nf. (1974)
	
2.25 x t0 10	 —	 King (1973)
'Theparameter o intheenergydistribution VIJM - kE ".
Trench samples
Of thirteen soil samples from (he valley of Taurus-Littrow which we have
analyzed, more than half were associated with trenching operations. Because
samples from a tre;,ch give a rather low-resolution view of the variations in
radionuclide concentration with depth, as compared with that obtained from
segments of a core in the lunar regolith, our discussion will be rather qualitative.
However, trench samples are of much more interest for their information on
color, texture, mineralogy, and chemistry (Eldridge of al., 1974).
Sample 73121 was discussed earlier, anti sample 73141 was taken from a trench
near 73121 at a depth of 15 cm in the light mantle. The raConuclide concentrations
found at 15 cm depth and shown in Table 1 are those expected for galactic cosmic
ray production. Not related to this trench, as might be expected front number,
is 73131. This sample was removed from the wall of it 2 m diameter crater, 15 cm
down the crater wall and may contain particles from the comminution of a soil
clod or soft breccin removed simultaneously with the soil.. Sample 73131 has
received an intense, recent, solar-flare irradiation; however, the concentration of
° M1AI appears to be well below the surface saturation value, Although speculative in
the absence of more detailed information concerning the sampling procedures
used, the low 26A] content of 73131 suggests that the small 2 m crater at Station 2a
was formed within the last million years.
From Station 3 we obtained it skim soil 73221, light-gray soil 73241 front to
5 cm depth of a trench, a medium-gray soil 73261 from 5 to 10 cm depth, and a
light-gray soil 73281 from an adjacent zone in the trench, also from about 5 to
10 cm depth. Again, the expected depth dependence was found, as shown in Table
I. It will be noted that for our present purpose, 73261 and 73281 are duplicate
samples and exhibit essentially the same radionuclide concentrations.
At Station 9, on the southeast flank of the Van Sorg Crater ejects blanket,
sample 79221 was taken from the uppermost 2cm of a trench. Data from this
sample were used earlier in Table 2. Sample 79261, from it sampling depth of 7 to
17 em, was removed from a light-gray or white layer. The expected decrease in
radionuclide concentrations from surface to depth again was noted. The concen-
trations of"AI, "Na, "Mn in 79261 agree well with calculations of galactic cosmic
ray production rates (cf. Reedy and Arnold, 1972), but concentrations of "Co and
"So are somewhat higher than expected.
P
r
2146	 G. 1), O'Kra.l.ev er al,
Radionuclides produced by solar proton bombardment, especially "Co, are
sensitive indicators of the mixing of surface soil into deeper trench samples. Data
on "Co presented in Table I demonstrate that the trenching discussed in this
section was carried out under excellent control. Only 79261 may show evidence
for material mixed from above.
Acknowledgments—The authors gratefully acknowledge the assistance and advice provided by the
Lunar Sample Analysis Planning Team. We wish to thank the stiff of the Curator's 011ice, NASA
Johnson Space Center, especially 1.0. Annexslud, It. S. Clark, and M. A. Reynolds, for theft add in
rapidly and elliciently processing the samples for this study.
Rrpr;RCNCIa
Erodzinski R, L„ Ranchelli L. A., Cooper J. A„ and Wol mam N. A. (1971) High-energy proton
spoliation of iron. Phys. Rev. C4, 1257-1265.
Eldridge J. S., O'Kelley G. D., Northcutt K. 1., and Schonfeid E. (1973) Nondestructive determination
of radionuclides in lunar samples using a huge, low-background gammn-ray spectrometer and a
novel application of least-squares fitting. Nucl. Instrwu. Methods 112, 319-322.
Eldridge J. S., O'Kelley G. D., and Northcutt K. J. (1974) Primordial radioclement concentrations in
rocks tad soils from Taurus-Liurow. Proc. Fifth Lunar $0, Calif., Georlihn, Casnmchlm. Ac Ia.
This volume.
Finkel R. C., Wnhlen M., Arnold J. R„ Kohl C. P., and Immxmuru M. (1973) The gradient of
cosmogenic radionuclides to a depth of 400 gfem" in the moon (abstract). In Lunar Science—f V, pry
242-243. The Lunar Science Institute, Houston.
King J. H. (1973) Solar proton Ouences as observed. during 1966-1972 and as predicted for 1977-1983
space missions. Goddard Spaceflight Center report X •601 .73.324. Submitted for publication in the
Journal of Spacecraft and Rockets.
LSPET (Lunar Sample Preliminary Examination Team) (1973x) Apollo 11 lunar samples: Chemical
and petrographic description. Science 182, 659.672.
LSPET (Lunar Sample preliminary Examination Team) (1973b) Preliminary examination of lunar
samples. In Apollo 17 Preliminary Science Report. NASA Johnson Space Center Report NASA
SP-330, Chapter 7.
O'Kelley G. D., Eldridge J. S., Schonfeld E., and Bell P. It. (1970) Primordial radionuclide abundances,
solar proton and cosmic-ray effects, and ages of Apollo 11 lunar samples by nondestructive
ganlmmray spectrometry. Proc. Apollo i I Lunar Sri. Cuaf„ Geochint. Cosniochlnt. Acta, Suppl, L
Vol. 2, pp, 1407-1423. Pergamon.
O'Kelley G. D., Eldridge J. S., Schonfeid E., and Bell P. R. (1971) Cosmogenie radionuclide
concentrations and exposure ages of lunar samples from Apollo 12. Proc, Second LunarSci, Conf,
Geochlnn, Cosmoehim. Acta, Suppl. 2, Vol. 2, pp. 1747-1755. MIT press.
O'Kelley G. D., Eldridge J. S., Northcutt K. Land Schonfeid Ii, (1972) Primordial radioctements and
cosmogenic radionuclides in lunar samples from Apollo 15. Pmt. Third Lunar Sci, Calif., Geochbn.
Cosrlmchlln. rlcia, Suppl. 3, Vol. 2, pp. 1659-1670. MIT Press.
O'Kelley G, D., Eldridge J. S., and Northcutt K.J. (1974) Concentrations of cosmogenic radionuclides
in Apollo 17 samples: Effects of the soli • flare of August, 1972 (abstract). in Limar Science—V, pp,
577-579. The Lunar Science Institute, Houston.
Ramcitclli L. A., Pcrkins R. W., Felix W. D., and Wogman N.A. (1971) Erosion and mixing of the lunar
surface (rain cosmogenic and primordial radionuclide measurements in Apollo 12 lunar samples.
Proc. Second Lunar Sel. Calif., Geochbn. Cosniochim. Acrn, Stipp]. 2, Vol. 2, pp. 1757-1772. MIT
Press.
Runcitclli L. A., Perkins R. W. Felix W. D., and Wogman N. A. (1974) Anisotropy of the August 4-7,
1972 solar flares at the Apollo 17 site (abstract). In Lunar Science—V, pp. 618-620. The Lunar
Science Institute, Houston; also, verbal report.
Cosmogenie rodionuclides In samples from Taurus-Littrow	 2147
Reedy R. C. and Arnold J. R. (1972) Interaction of solar and galactic cosmic-ray particles with the
moon. J. Geophys. Res. 77, 537-555.
Schonfeld C. (1967) ALPHA-M—An improved computer program for determining radioisotopes by
least-squares resolution of the gammn-ray spectra, Nuct, Instrmn, Methods 52, 177-178.
(For publication in Proceedings of the Sixth Lunar Science Cc:, °rence)
Primordial and cosmogenic radionuclides in
Descartes and Taurus-Littrow materials:
Extension of studies by nondestructive
gamma-ray spectrometry*
JAMES S. ELDRIDGE, G. DAVIS O'KELLEY, and K. J. NORTHCUTT
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
Abstract--Our previous studies on the distributions of K, Th, U, 
22 
Na,
26 Al, and 54 Mnin material from Apollo 16 and 17 have been extended to
include 12 samples from additional sampling stations and with a greater
range of properties. Samples were: from Descartes, 60618, 63320, 63340,
65785, 67016, 67115; and from Taurus-Littrow, 70315, 70321, 71546, 72155,
72161, 74245.
Soils from station 13 at Descartes were 20-30% lowe in primordial
radioelements than for average amounts at eight other stations. Two light-
matrix breccias, 67015 and 67115, contained 3 to 5 times smaller concen-
trations of K, Th, and U than those found for other breccias at North Ray
Crater. Anorthositic rocks 60618 and 65785 have K/U ratios near the average
values for Apollo 16 material;, but 60618 exhibits a 7h/U ratio of only 2.3,
the lowest we have observed for Apollo 16 materials.
Surface soil 72161 was collected in a dark valley floor area adjacent
to the light-mantling detritus from the South Massif, but its primordial
radioelement content most closely resembles that of North Massif soils.
*Research carried out under Union Carbide's contract with the U. S. Atomic	 y
Energy Commission through interagency agreements with the National Aeronau-
tics and Space Administration.
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The distribution of K, Th, and U in Apollo 17 basalts supportsthe trends we
observed earlier. Values for Th/U of 2.7 ± 0.3 and K/U of 4200 t 500 are
typical of coarse and medium basalts. The fine basalts generally have
Th/U > 3,0 and K/U of 3000 ± 500, which supports the speculation that two
or three subfloor basalt units were sampled at Taurus-Littrow.
Cosmogenic radionuclide contents of shadowed soil 63320 indicate that
the shielding geometry of Shadow Rock was established about 3 m.y. ago and
that the recent shielding of 63320 from solar cosmic rays was only N80%.
The following rocks were found to have concentrations of 26A1 below the
expected saturation level, indicating a short exposure or partial shielding:
67016, 67115, 67785, 70315, 71546, 72155, and 74245. The surface samples
from Apollo 17 again showed the effects of the intense, proton-accelerating
flare of August, 1972, particularly in the very high concentrations of
22 Naand 54Mn.
r	 r (	 ^ 3 4
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INTRODUCTION
Previous studies t;y Eldridge et al. (1973a,1974) and O'Kelley et al.
(1974) on suites of twenty-six samples each from the Descartes and Taurus-
Littrow landing sites were performed in order to expand our knowledge of
the distribution of the primordial radioelements K, Th, and U over the
lunar surface. The overall concentration and distribution of these radio-
elements plays an important role in explanations of the moon's thermal
history and its contemporary, experimentall y determined heat flow.
Elemental correlations have served as indicators of differentiation
among various lunar materials returned to earth by the six Apollo and
the two Luna missions. The constancy of Th/U at 1,3.8 in samples from the
early Apollo missions was noteworthy (O'Kelley, et al., 1970b). In samples
from later Apollo missions, especially the Apollo 17 baszlts, ratios of
Th to U were sometimes<3.0 (Eldridge et al., 1974). Indications that sepa-
rate basalt flows existed in the subfloor of Taurus-Littrow could be in-
ferred from the correlation of Th/U and K/U ratios with sample location.
Cosmogenic radionuclide concentrations are determined simultaneously
with the primordial radioelements by the technique of nondestructive
gamma-ray spectrometry. Cosmogenic radionuclides are those produced by an
activation process whereby solar or galactic cosmic-rays interact with a
stable target element, producing one or more radioactive species. Compari-
son of con—entrations of selected radionuclide pairs such as 
26 
Aland 22Na
may be used to calculate surface exposure ages (or apparent burial) over a
time span of a few hundred thousand to a few million years. Such radio-
nuclide determinations have also been useful in determining lunar sample
^^	 +	 '	 1	 1	
1	
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orientation (O'Kelley et al., 1970b) and in characterizing solar flare acti-
vity (O'Kelley et al., 1974).
EXPERIMENTAL METHODS
Data collection, system calibrations, and computer resolution of the
gamma-ray spectra obtained with our anti-coincidence shielded, low-level
spectrometer have been previously described (O'Kelley et al., 1970b) and
(Eldridge et al., 1973b). Calibration replicas were used for all samples
in this study, and standard spectral libraries were acquired under the
same experimental conditions as the lunar samples. Error values quoted
include estimates of all errors, including system calibrations and counting
statistics.
RESULTS AND DISCUSSION
Primordial radioelements- Apollo 16
Identification numbers of the four rocks and two soils comprising the
present suite of Descartes samples are underlined in the Apollo 16 traverse
map of Figure 1. Two uns'-ved soil samples (63320 and 63340) collected be-
neath the overhang of Shadow Rock at station 13 were measured in this study.
These were originally called "permanently shadowed samples", but the geometry
of the photographs was inadequate to determine whether the deep niche sampled
was exposed to part of the late afternoon sun. It is likely that the sample
area is exposed to direct sunlight for part of each lunar day (ALGIT, 1972).
Cosmogenic radionuclide determinations discussed below support this conjecture.
Shadow Rock is located on the south•2ast part of the North Ray crater ejecta
blanket, approximately 550 m from the crest of the crater rim. The ejecta
material is fine-grained; sa-iple 63320 was taken as the representative
.. ", l
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shadowed so' I, with 63340 a control sample from below 63320.
The primordial radioelement concentrations measured in the shadowed
soils are shown in Table 1. It can be seen that the two soils 63320 and
6334U are identical to one another in radioelement concentrations and are
slightly lower in Th and U than soil 63501 collected 8 m away. All three
soils at station 13 were QO-30 q lower in radioelement content than the
average of 11 soils from 8 stations (compare with the eight-station average
listed as the first entry in Table 1).
Ulrich (1973) provided a geologic model and a. 8tratigraphic sequence
for North Ray Crater. The interpretation was based on combined evidence of
rock distributionson the crater rim and photography of the crater wall. Ulrich
(1973) showed thlt "Outhouse Rock" (67937) probably came from below 100 m depth
in North Ray Crater. In our suite of samples, two breccias, 67016 and 67115,
were taken at North Ray Crater. Sample 57115 was collected inside the rim crest
in the vicinity of 67055 from our previous suite. Sample 67016 was collected
from the rim crest. Both samples are light-matrix breccias, and radioelement
concentrations for them are shown in Table 1 and are compared with 67055 and
67937 from our previous study. If stratigraphic units at the North Ray site
contain similar radioelement concentrations, then 67055 came from below 100 m
depth (similar to 67937) and 67016 and 67115 probably came from a shallower
stratigraphic unit. Figure 2 shows a map of the station 11 sampling area where
the location of the two light-matrix breccias of this study (67016 and 67115)
may be seen in relation to the previously-studied breccias (67937 and 67055)
that contain n, Th, and U concentrations about 3 to 5 times greater than 67016
and 67115. These limited sample observations would tend to verify the strati-
graphic interpretation of Ulrich (1973) that the North Ray crater event
^a
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penetrated a thin Cayley layer that possibly originated from Orientale. 	 The sub-
Cayley materials from lower regions of North Ray crater are KREEP-rich, but
considerably less so than the Fra Mauro breccias we studied from the Apollo 14
collection
	 (Eloridge et al.,	 1972).
Two rare anorthositic rocks from the Apollo 16 rake collection were analyzed:
65785, a spinel
	 troctolite, and 60618, a melt rock. 	 Taylor et al.,	 (1973) des-
cribed the spinel-troctolites as rocks consisting predominantly of plagioclase
and olivine, with (Mg, A1)-spinel	 as a common accessory mineral.	 Due to the
abundance of spinel-troctolites in Apollo 16 and Luna 	 20 soils, those authors
indicate that such materials are a widespread lithology in the lunar high'land's.
Due to the low Fe/(Fe + Mg) ratio, they suggest that the spinel 	 troctolites
are among the most primitive materials returned from the moon.	 Electron micro-
probe analyses of small samples from these inhomogeneous rocks yielded K con-
centrations which differ considerably from the accurate, whole-rock values shown
t	 in Table 1 for 60618 and 65785 (Dowty et al,
	
1974).	 Comparision of Th and U con-
centrations of the spinel-troctolite (65785) with previously studied Apollo 16
materials indicates a similarity with 62295, a "very high alumina" rock that
has been called a troctolite and used as an important constituent of a mixing ?
model
	
study of lunar highland rock types	 (Schonfeld, 1914).	 Due to the simi-
larity of composition and the primitive nature of the materials, anorthosites
65785 and 62295 will probably be important samples for future investigations.
a
A
Additionally, we note that 60618 is unique in our suite of Apollo 16 samples
3
in that it exhibits the lowest Th/U ratio (2.3) that we observed in all Apollo
16 materials, although the K/U ratio is similar to that of other Apollo 16
samples.
f
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Primordial radioelements - Apollo 17
Special samples were collected during EVA-2 and -3 at Taurus-Littrow
by the use of a long-handled sampler (LRV sampler). such samples were
necessarily "grab" samples due to the restricted view of the sample area
by the crew, who did not dismount from the LRV. Two pairs of LRV samples
are included in this study and are indicated by underlines on the traverse
map shown in Figure 3. Each pair consisted of a soil and a rock and were
collected at LRV-3 during EVA-2 and at LRV-12 during EVA-3.
The LRV-3 sample stop was at a site in the dark mantle between the
main body of light mantle and a finger of light mantle that lies to the
southeast. The area resembles the dark mantle surface at LRV-1 between
Horatio and Bronte craters, raY:)er than the dark mantle surface in the
vicinity of the LM or station la. The rock sample at LRV-3 (72155,1) is
a medium-grained basalt from a cluster of rocks on the surface that is not
clearly related to any crater. The soil sample (72161,26) is typical of
the surface material in a dark mantle area free of large blocks (ALGIT, 1973).
The LRV-12 sample stop is located about 1/3 of a crater diameter out from
the rim of Sherlock crater in an area mapped as dark mantle. Oue to the
proximity to Sherlock crater, it was speculated (ALGIT, 1973) that -the LRV-12
rock sample (70315) is a subfloor basalt excavated from a depth of 50-90 m by
the Sherlock event. The accompanying soil (70321,1) is probably representative
of the dark mantle surface (ALGIT, 1973).
The other two Apollo 17 samples in this study are: 71546, a fine-grained
basalt fragment from the rake sampling about 150 m from the northwest rim of
ld
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Steno crater at station la; and 74245, a fine-grained basalt from the end
of the station 4 trench in the south rim crest of Shorty crater. Ficld
geological studies indicate the wall, rim, and flank materials are Shorty
crater ejecta derived largely from materials above the subfloor, with
basalt blocks at station 4 coming from the subfloor materials.
Results of the radioelement concentrations in our current Apollo 17
samples are presented in Table 2 along with average values for the fine-
medium- and coarse-grained basalts from our previous study (Eldridge et al.,
1974). The basalts in this group all have characteristically low values of
Th/U that average 2.8, whereas the K/U ratio varies with texture. The
previous K/U average for fine-grained basalts was 2930, 4015 for medium-
grained and 4590 for coarse-grained basalt. Note the K/U ratio for 74245
in Table 2 of 4770. Such a high value would classify this Shorty crater
basalt into the same deep subfloor basalt flow as most of the Apollo 17
coarse-grained basalts. 	 Sample 71546, with its fine-grained texture
and K/U value of 333Mits the previous classification for the uppermost
basalt unit. Sample 70315, the LRV-12 rock that probably was ejected (ALGIT,
1973) from a depth of 50-90 m, has a K/U value that would tend to classify it as an
intermediate basalt flow sample, even though its texture would place it in
a deeper zone.
The pattern or primordial radioelement concentrations in the two soils
of this study fits the field geology interpretation in the case of the
LRV-12 soil 70321. The K, Th, and U concentrations are very similar to
other "dark mantle soils" such as 71131 and 71501 that we previously studied.
w. 'Ve
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However, soil 72161 collected at LRV-3 has a pattern that more closely
resembles that of North Massif soils 76501 and 78501 from our earlier
studies (Eldridge, et al., 1974) than it does those of the dark mantle
materials. This finding is in good agreement with the results of Rhodes,
et al.,(1974) who categorized Apollo 17 soils into three distinct chemical
groups and classified sample 72161,6 as a "North Massif" type of soil.
Potassium - uranium_ systematics
Early studies of radioactivity in lunar samples indicated a distinct
difference in the ratio of K to U in comparison with chondrites and ter-
restrial rocks (O'Kelley, et al., 1970a, 1970b and 1971). In those mare
basin samples, the K/U ratio fell within a narrow range of 1300-3200,even
though the potassium concentration varied over the range of N500-20,000 ppm.
Figure 4 indicates the mass ratio K/U as a function of potassium concentration
for all six Apollo sampling missions in relation to similar values for ter-
restrial and meteoritic materials. In contrast to the narrow K/U range for
earlier missions, basalts from the Apollo 15 and Apollo 17 missions form
a unique clustering that overlaps the eucrite zone.
It is also apparent that a trend line exists between the coordinates of
the Apollo 17 basalts on the one hand and the point labelled KREEP on the
other. Note that Apollo 17 soils and breccia fall on such a trend line at
points intermediate to the end members. Schonfeld (1974) investigated the
possibility of highland rocks such as "very high alumina basalts" or "low-
potassium Fra Mauro basalts" being mixtures by a mixing model calculation
using up to 27 chemical elements. He showed that it is possible to generate
-10-
such rock types by mixing dunite, "anorthosite", and KREEP. He developed
a trend line with KREEP and (spinel) troctolite as end members of the
mixtures. It is interesting to note that the two important Apollo 17 rake
samples --60618, with K/U = 2390 and K = 670 ppm; and 65785, with K/U =
1910 and K = 1850 ppm--fall on a trend line intersecting the coarse-grained
Apollo 17 basalts and KREEP. In addition to the variations among basalts,
soils and breccias for the Apollo 17 samples discussed above, the textural
variations in the Apollo 17 basalts are reflected in the near-vertical
clustering of K/U values at the potassium concentration of "300-600 ppm.
The range of K/U for such basalts is 1680-5000.
The later Apollo missions have provided a unique suite of samples
that confirm the extreme differentiation in lunar crustal materials. The
primordial radioelement relationships may be coupled with past and future
orbital gamma-ray and x,-ray experiments to delineate the crustal distributions
of these important materials.
h
a
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Cosmogenic radionuclides
The 2-1/2 years between collection of samples and the measurements re-
ported here precluded a determination of short-lived radionuclides. However,
312-day 54 Mnwas detected in many of the Apollo 16 samples and all of the
Apollo 17 samples, in addition to 2.6-year 22Na and 7.4 x 105-ye4r 26A1. Re-
sults on these three cosmogenic species are summarized in Table 3.
As mentioned earlier, Descartes soils 63320 and 63340 were collected in-
side a hole at the south end of Shadow Rock, in an attempt to obtain permanently
shadowed soil. Field geology studies (ALGIT, 1972) suggested that the samples
may not have been completely shielded. Additionally, Imamura et al. (1974)
found that the concentration of 3.7 x 106-year 53Pin in sieved soil 63321 was
higher than the production expected from galactic cosmic rays alone.
The short half-life of 22Na (2.6 years) makes it a useful indicator of re-
cent solar cosmic-ray exposure, while 26A1 (7.4 x 10 5 years) measures exposure
history over a longer time scale. An appropriate comparision standard was the
22
Na concentration of 63501 determined previously (Eldridge et al., 1973a).
Surface soil 63501 was taken about 8 m from Shadow Rock and is assumed to have
experienced negligible shielding from the sun (AFGIT, 1972). After correction
for galactic cosmic-ray production of 22Na in 63501 and 63320 we estimated that
63320 was exposed to about 20% of the solar cosmic ray flux seen by exposed soil
63501, i.e, the shadowed soil 63320 was about 80% shielded from the sun.
The saturated activity of 26A1 in 63320 was taken to be 220 dpm/kg, the con-
centration found for 63501. After correction for galactic cosmic ray production
and for the 20% solar cosmic ray exposure, an excess of about 20 dpm/kg of 26 Al
remained over that expected for 63320 in its present location. This excess may
be attributed to decay of initially saturated 
26 
Alover a period of about 3 m.y.
Li
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These results are consistent with the conclusion that the shielding geometry
of Shadow Rock was established about 3 m.y. ago, and afterward the shielding
of 63320 with respect to solar cosmic rays was only about 80%. Such a con-
clusion is 4 n qualitative agreement with the 53Mn data of Imamura et al. (1974).
The time sca'ie is difficult to establish with precision, because the 26A1 con-
centrations of Table 3 show that the top layer of shadowed soil (63320) and
the reference soil below (63340) were slightly mixed during sampling operations.
Earlier studies of Apollo 16 samples by Clark and Keith (1973) and by
Eldridge et al. (1973a) showed that several rocks in the vicinity of North
Ray crater were unsaturated in 26A1 content. These results were confirmed
by Yokoyama et al. (1974). We have applied the criteria for saturation of
26
A1 suggested by Keith and Clark (1974) and by Yokoyama et al. (1974) to the
Apollo 16 rocks of Table 3. Rock 67115,9 was found to be unsaturated in 26A1,
confirming the earlier measurements by Clark and Keith (1973) on the same
sample. Although no chemical analysis data exist for light matrix breccia
67016,2 it also appears to be unsaturated in 26A1.
Two small anorthositic rocks from the Apollo 16 rake collection were
studied. Sample 60618, 20.5 grams, appears to be saturated in 26 Al, while
67785, 5.0 grams, is considerably undersaturated. However, the small sample
sizes and the preliminary nature of the chemical analysis data introduce
some uncertainty into these conclusions.
The Apollo 17 collection included two pairs of samples from LRV stations
(cf., Fig. 3). Coarse basalt 70315 and reference soil 70321 were taken at
station LRV-12, and medium basalt 72155 and soil 72161 from LRV-3. Both of
these soils were poorly documented, and it is only known that they were taken
from the top few centimeters of the surface (ALGIT, 1973). Cosmogenic radio-
nuclide concentrations in these samples closely resemble those of other
-13-
Apollo 17 bulk surface soils discussed in detail by O'Kelley et al. (1974).
The effects of the August, 1972 solar flare are apparent to some extent
in all Apollo 17 samples reported in Table 3. The 26A1 concentration in
basalts 70315 and 72155 is below the expected saturation value, indicating
a short exposure age or shielding due to soil cover. The 22Na data are
difficult to evaluate but are consistent with partial shielding.
Rock 71546 is a fine-grained basalt, one of the larger fragments col-
lected as part of the rake sample at station la. Most of the rake fragments
were partially or even completely buried prior to collection. Sample 71546
shows evidence of partial shielding from the intense solar event of August,
1972, and so was probably one of the covered, near-surface samples.
Sample 74245 was a small fragment of fine-grained basalt from station 4.
It was collected with a sample of gray soil from the ends of the trench cros-
sing the zone of "orange" soil. No documentation of this rock is available,
but its cosmogenic radionuclide content suggests that 74245 was buried
several centimeters deep before it was removed from the sampling'trench.
-14-
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CAPTIONS TO FIGURES
Fig. 1 Traverse map of the Apollo 16 landing site. Sampling stations are
shown as large, bold-faced numerals. Underlined sample numbers are
those analyzed in this study; data on other samples listed were
reported by Eldridge et al. (1973).
Fig. 2	 Map of station 11 at the Apollo 16 landing site.
The dashed line denotes the rim crest of North Ray crater. From
AFGIT (1972).
Fig. 3 Traverse map of the Taurus-Littrow region. Bold-faced numerals
indicate sampling stations. Underlined numbers denote samples
analyzed in this study; data on the other samples listed were
reported by Eldridge et al. (1974).
Fig. 4 Values of the mass ratio K/U as a function of the concentration
of K. Apollo 16 and 17 materials appear to follow a Trend line
with basalts and KREEP as end members.
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